The 16s rRNA gene of the magnetotactic magnetogen Aquaspirillum magnetotacticum MSl was amplified by a polymerase chain reaction, using two eubacterial consensus oligodeoxynucleotide primers flanking the majority of the 16s rRNA gene, cloned, and sequenced. Phylogenetic analysis revealed that A . magnetotacticum MS1 belongs to the a-group of proteobacteria. This assignment offers perspective on the biochemical properties of A. magnetotacticum, since this organism is expected to have the general properties that are common to this phylogenetic group.
The magnetogens (4) are diverse microorganisms which produce intracellular (1) or extracellular (10) , nanometersized magnetic particles. When deposited intracellularly as membrane-enveloped magnetosomes, as in Aquaspirillurn magnetotacticum, these crystals comprise a geomagnetic navigational apparatus (4). However, since not all magnetogens are magnetotactic, magnetic particle biomineralization may have additional, as-yet-unknown significance in cell biology. Unique properties common to biogenic magnetic particles in different organisms suggest that there is a common genetic basis for magnetogenesis. However, the phylogenetic distribution of magnetogenesis among prokaryotes is unknown. To begin to address the question of evolutionary relatedness among magnetogens, we performed a sequence analysis of the 16s rRNA gene of A. magnetotacticurn MS1. rRNA sequences, because of their high degree of conservation, are useful for establishing phylogenetic relationships among organisms (14). Amplification of rRNA genes by the polymerase chain reaction (PCR) (13) provides convenient access to these genes for sequence analysis.
A . magnetotacticurn MS1 (=ATCC 31632) was cultured in chemically defined medium (5) at 25°C. Cells in exponential growth were concentrated with a Pellicon filtration system (Millipore Corp., Bedford, Mass.) and pelleted by centrifugation at 1,200 x g for 20 min at 4°C. Genomic DNA was isolated by using standard techniques (11).
The 16s rRNA gene was selectively amplified by the PCR, using oligodeoxynucleotide primers designed to anneal to conserved regions of the eubacterial16S rRNA. The forward primer corresponded to positions 8 to 27 of Escherichia coli 16s rRNA (5'-AGAGTTTGATCCTGGCTCAG-3'), and the reverse primer corresponded to the complement of positions 1510 to 1492 (5'-GGTTACCTTGTTACGACTT-3'). A. magnetotacticum MS1 DNA (100 ng) was mixed with 2 U of Taq DNA polymerase in 100 pl of reaction buffer and subjected to the PCR (13) by using a Perkin-Elmer DNA Thermal Cycler. The PCR buffer contained 50 mM KCI, 10 mM Tris-HC1 (pH 8. extension at 72°C for 2 min (first cycle) or more; 5 s was added to the extension time per cycle. Amplified DNA was extracted with phenol-chloroform (1: 1) and precipitated from 2.5 M ammonium acetate with ethanol. The DNA was treated with T4 DNA polymerase and polynucleotide kinase (Boehringer Mannheim) and ligated as a 1.5-kilobase bluntended fragment into Bluescript KS vector (Stratagene) cleaved with SmaI restriction endonuclease (New England BioLabs) by using standard procedures (6). E. coli DHSa cells were transformed (8) with the recombinant vector and plated onto YT agar supplemented with ampicillin (100 Fg/ml). Plasmid DNA was isolated from transformants following alkaline lysis (3). One strand of the 16s rRNA gene was sequenced by using the dideoxynucleotide chain termination method (2). The sequence obtained by reverse transcription (9) of 16s rRNA from A. magnetotacticum MS1 verified that the cloned, amplified DNA originated from strain MS1. The A . magnetotacticum 16s rRNA sequence was aligned with the sequences of other 16s rRNAs on the basis of secondary structure and conserved sequences. A phylogenetic tree was constructed by using a least-squares, distance matrix method (12). The relationship shown in Fig.  1 is robust; bootstrap analysis (7) grouped the strain MS1 sequence with the sequences of other members of the a-group of proteobacteria in all 50 trees examined. The sequence also contained all of the "signature" features of the a-group of proteobacteria (14). The inferred secondary structure of the A . magnetotacticum 16s rRNA exhibited no unusual structural elements or variations in length compared with other members of the a-group of proteobacteria.
Our data provide the first 16s rRNA-based phylogenetic classification of a magnetogen. The general applicability of the PCR, cloning, and sequencing techniques to such organisms in naturally occurring populations is appealing. Many morphologically distinctive forms of magnetotactic magnetogens have been observed in nature; however, few such organisms have been isolated in pure culture. rRNA sequence analyses of these bacteria would aid in evaluating the extent to which this interesting physiological and behavioral adaptation is phylogenetically distributed.
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